but also contained in coffee beans and rice as well as a polyphenol-rich food supplement known to have strong antioxidant activity and different beneficial effects on human health. 2) There have been many reports on the pharmacological actions of FA including hepato-protective effect, 3) scavenging oxygen free radicals, 4) inhibiting platelet aggregation, 5) and anti-inflammation. 1) Recently, FA has been considered to be a new candidate chemopreventive agent for colon carcinogenesis because of its strong suppressive effects on colon tumor cell proliferation, 6, 7) however, the effect of FA on colonic motility and secretory activities is unknown.
Secretagogue-induced Cl Ϫ secretion with obligatory fluid secretion is important for lubrication of intestinal contents during regular bowl movement and flushing microbial organisms or artificial irritants in host defense responses. 8, 9) Epithelial Cl Ϫ channels play an important role in regulation and maintenance of normal physiological function of the gastrointestinal tract (GI tract). Abnormal regulation of Cl Ϫ channels may result in diarrhea, such as in cholera toxin [10] [11] [12] or constipation. 13, 14) Therefore, Cl Ϫ channels are likely to be the target for pharmacological intervention.
Human colonic epithelial T 84 cell line maintains enteric secretory phenotype and has been widely used to study the physiology/pharmacology or regulation of intestinal Cl Ϫ secretion. 15) Using this cell line combined with the short-circuit current technique and the microspectrofluorimetric technique, we undertook the present study to examine the effect of a sodium salt of FA (SF) on colonic Cl Ϫ secretion and investigate the signaling mechanism underlying its action. Key words calcium; chloride; colonic cell; ferulic acid; sodium ferulate; T 84 cell sion Instruction, DVC-1000). In most of the experiments, the change in I SC was defined as the maximal rise in I SC following agonist stimulation and it was normalized to current change per unit area of the epithelial monolayer (mA/cm 2 ). In each experiment, a transepithelial potential difference of 0.1 mV was applied. The change in current in response to the applied potential was used to calculate the transepithelial resistance of the monolayer using Ohm's Law. Experiments were normally repeated in different batches of culture to ensure that the data were reproducible.
MATERIALS AND METHODS

Materials
Measurement of Intracellular Free Calcium Concentration ([Ca
2؉
] i ) Cells grown on the glass coverslips for 1 d were loaded with Fura-2 by incubation (45 min at 37°C) in KHS containing 3 mM Fura-2-acetoxymethylester and 1.6 mM pluronic F127. Coverslips bearing Fura-2-loaded cells were mounted in a heated chamber (Warner Instrument, U.S.A.) attached to the stage of an inverted microscope (Olympus IX70). The cells were perfused with KHS and continuously bubbled with 95% O 2 -5% CO 2 to maintain the pH at 7.4. Fura-2 fluorescence ratio was recorded using a CCD camera operated with MetaFlour software (Universal Imaging Corp.) was used to obtain images of the fura-2 signal exciting at 340 nm and 380 nm. The ratio of these two signals is directly proportional to the [Ca 2ϩ ] i . Increase in [Ca 2ϩ ] i was quantified by measuring the fluorescence ratio at the peak of a response and subtracting from it the ratio measured before stimulation.
Statistical Analysis Results were expressed as meanϮ standard error mean (S.E.M.). The number of experiments represents independent measurements on separate monolayers. Comparisons between groups of data were made by the Student t-test. A "p" value of less than 0.05 was considered statistically significant. EC 50 value was determined by nonlinear regression using GraphPad Prism software (GraphPad Prism 3.03, GraphPad Software, U.S.A.). . Basolateral application of SF produced an increase in I SC with a fast peak followed by a sustained plateau (Fig. 1A) . 30 mM-10 mM SF elicited concentration-dependent increase in I SC , measured as the total charge transported over a period of 30 min (area under curve, Fig. 1A) , with an apparent EC 50 value of 1.2 mM (Fig. 1B) .
RESULTS
SF-Induced
Chloride Dependence of The SF-Induced I SC As shown in Fig. 2, 3 mM of SF induced a I SC increase with a total charge of 14.05Ϯ1.46 mC/cm 2 observed in Cl Ϫ containing KHS (control group). Removal of external Cl Ϫ decreased the SF-induced I SC response by about 94% (nϭ6, pϽ0.001), basolateral pretreatment of bumetanide (100 mM), a strong inhibitor of the Na
Ϫ cotransporter (NKCC), and apical addition of DPC (1 mM), a non-specific Cl Ϫ channels blocker, inhibited the current by 84% (nϭ4, pϽ0.001) and 85% (nϭ3, pϽ0.001) respectively. These results suggested that SF-evoked I SC response was predominantly mediated by Cl Ϫ secretion.
Involvement of Ca
2؉
We further investigated the signaling mechanism underlying the SF-induced current increase. In Ca 2ϩ containing KHS, pretreatment with the mixture of thapsigargin (TG, 10 mM), an endoplasmic reticular Ca 2ϩ -ATPase inhibitor, and EGTA (100 mM/both sides), a Ca 2ϩ chelator which was slowly added for 40 min (Fig. 3A) decreased the 3 mM SF-induced peak by 52%, from 13.40Ϯ 1.62 mA/cm 2 (nϭ5) to 6.40Ϯ0.78 mA/cm 2 (nϭ4, pϽ0.01, Fig. 3B ) and inhibited 60% of the plateau induced by SF Ϫ cotransporter (NKCC) and apical pretreatment of DPC (1 mM), a Cl Ϫ channel blocker, decreased the SF-induced response by about 94%, 84% and 85% respectively. The data were expressed as meanϮS.E.M.; * * * pϽ0.001 compared with control. from 9.82Ϯ2.41 mA/cm 2 to 3.92Ϯ0.34 mA/cm 2 (nϭ4, pϽ 0.05, Fig. 3C ).
The SF-induced changes in [Ca 2ϩ ] i were measured by the microspectrofluorimetric technique with the use of Fura-2 AM. The 340/380 nm fluorescence ratio was used to represent the changes in [Ca 2ϩ ] i . The addition of 3 mM SF stimulated a sustained increase in the fluorescence ratio (from 0.487Ϯ0.023 to 0.904Ϯ0.098) (nϭ4, pϽ0.05, Fig. 4A) .
Involvement of cAMP Pretreatment with MDL12330A (20 mM), an adenylate cyclase inhibitor, for 15 min blocked the SF-induced I SC plateau by about 87%, from 9.82Ϯ 2.41 mA/cm 2 (nϭ5) to 1.27Ϯ0.64 mA/cm 2 (nϭ3, pϽ0.01, Fig. 5B ), but not the first peak (from 13.4Ϯ1.62 mA/cm 2 (nϭ5) to 21.4Ϯ9.6 mA/cm 2 (nϭ3, pϾ0.05), Fig. 5A ), suggesting the involvement of cAMP in the SF-induced plateau.
DISCUSSION
The present study has demonstrated for the first time the effect of sodium ferulate on human colonic Cl Ϫ secretion and investigated its possible signaling mechanism. It is well known that epithelial Cl Ϫ secretion depends on two steps: 1)
Ϫ cotransporter (NKCC) and Cl Ϫ /HCO 3 Ϫ exchanger in the basolateral membrane for accumulating cytosolic Cl Ϫ 17) ; 2) Cl Ϫ channels in the apical membrane for Cl Ϫ exit. [18] [19] [20] [21] [22] The supporting evidence for the effect of SF on Cl Ϫ secretion includes: 1) SF-induced I SC response was sensitive to a non-specific Cl Ϫ channel blocker, DPC; 2) the SF-induced I SC response was inhibited substantially by replacement of extracellular Cl Ϫ with impermeable gluconate; 3) the response was significantly blocked by the NKCC inhibitor, bumetanide. Taken together, these results suggest that SF is able to stimulate Cl Ϫ secretion in human colonic T 84 cells.
The stimulation of Cl Ϫ secretion by SF appears to involve both Ca 2ϩ and cAMP-dependent pathways. The I SC response of T 84 cells to SF is biphasic: a fast peak followed by a sustained plateau. The first peak seems to be dependent on Ca 2ϩ since it could be significantly reduced by blocking intracellular Ca 2ϩ release and chelating extracellular Ca 2ϩ to prevent Ca 2ϩ entry by thapsigargin and EGTA, respectively. Further- more, the treatment with an adenylate cyclase inhibitor did not affect the first peak, but reduced the plateau substantially. Thus, the two phases of the SF-induced I SC response appear be associated with different signaling pathways, namely Ca 2ϩ and cAMP. However, while the plateau phase could be almost blocked by adenylate cyclase inhibitor, it could also be reduced significantly by agents inhibiting both extra-and intracellular Ca 2ϩ mobilization, indicating possible involvement of Ca 2ϩ . Interestingly, intracellular Ca 2ϩ measurements indicate that SF induced a sustained increase in Ca 2ϩ with a time spent well over the transient peak measured in the I SC response. This suggests that the SF-induced long lasting intracellular Ca 2ϩ mobilization may also affect the plateau phase of the SF-induced I SC response. The effect of Ca 2ϩ on the SFinduced I SC plateau could be either direct or indirect. The fact that the plateau could be blocked almost completely by adenylate cyclase inhibitor but partly by Ca 2ϩ inhibitor/ chelator suggests overlapping of the Ca 2ϩ pathway with the cAMP in mediating the plateau I SC response. There are at least two possibilities: 1) SF-induced Ca 2ϩ increase may lead to activation of cAMP pathway since cross-talk between the two pathways is well known 23) ; 2) activation of Ca 2ϩ -activated K ϩ channels in the basolateral membrane may result in hyperpolarization with increased driving force for Cl Ϫ secretion via a cAMP activated Cl Ϫ channel. Further studies are required to elucidate the detailed mechanisms how SF-induced Ca 2ϩ mobilization leads to cAMP-dependent Cl Ϫ secretion in the human colonic cells.
In summary, we have demonstrated that SF could stimulate colonic Cl Ϫ secretion by activating both Ca 2ϩ and cAMP pathways. This effect is expected to be accompanied with an increase in fluid secretion that could be beneficial to alleviating the condition of constipation. As an active compound of natural origin, ferulic acid, may provide alternative treatment for patients with GI tract disorders.
